The induction of immediate-early ( ras is an essential mediator in generating not only positive but also negative modulatory mechanisms controlling the competence of T cells in response to inductive stimulations.
Cells modulate incoming environmental signals from the environment, often via receptor-ligand interactions, and integrate positive and negative stimuli in such a way that the cellular response can be modulated in both magnitude and duration. Signals initiating at the cell membrane are transduced to the nucleus through a variety of parallel and sometimes interacting cytoplasmic second messengers. One type of target for these signaling events, the transcription factors, can themselves be activating or inhibitory and individually, or in concert, can further integrate the variety of signals impinging upon them. Thus, the coordinated interactions between multiple signal transduction pathways and transcription factors result in specific biological programs.
In T lymphocytes, the activation events resulting from mitogen stimulation or cross-linking of the T-cell receptor (TcR)-CD3 complex include phospholipid hydrolysis, with subsequent increases in calcium mobilization, protein kinase C (PKC) activation, and tyrosine phosphorylation (4, 23, 24, 44, 83) . Following these immediate signaling consequences of TcR triggering, p21 ras activity is rapidly stimulated, as measured by its conversion from the GDP-to the GTP-bound state (19, 28, 29, 35) . There are at least two mechanisms, acting through PKC-dependent and PKC-independent pathways, which are responsible for p21 ras regulation (35, 88) . It has been suggested that p21
ras may be involved in the calcium-mediated arm of the T-cell activation pathway and may cooperate with calcineurin, a calcium-dependent protein phosphatase (PP2B), to regulate the activation of the nuclear factor of activated T cells (NF-AT), an important transcription factor for interleukin 2 (IL-2) induction (5, 6, 11a) . After the activation of p21 ras , the activities of numerous regulators, including Raf, the mitogen-activated protein (MAP) kinases, and the extracellular signal-regulated MAP kinases (ERKs), are induced (34, 46, 77, 81, 86) .
In response to membrane-generated signals, several distinct nuclear events also occur in appropriate spatial and temporal orders: the induction of immediate-early (IE) genes, such as the c-fos, c-jun, egr-1, and IL-2 receptor (IL-2R) genes; the induction of the IL-2 gene through regulation by transcription factors NF-AT, NF-B, AP-1, and Oct-1; and the final mitogenic response via the binding of IL-2 to its cognate receptor. It is not fully understood, however, how these different signals are modulated and integrated into a genetic pathway by epistasis, interact or form complexes with each other, and terminate after a precise time interval.
The IE genes c-fos, egr-1, and c-jun are rapidly and transiently induced in response to a number of environmental stimuli (17, 41, 47, 50, 76, 79) . The rapid transactivation of the c-fos gene has been extensively studied, and its induction is mediated by discrete transcription factors, such as SRF, Elk-1, and CREB, depending on the cell type and stimuli delivered (32, 67, 72, 73, 78) . In fibroblasts, serum stimulation mediating phosphorylation and activation of the SRF-Elk-1 complex may be regulated by a p21 ras -dependent kinase cascade, involving, sequentially, Raf, MAP kinase, and pp90 rsk (7, 12, 27, 49) . Calcium stimulation activates SRF and CREB through an Rasindependent mechanism involved in a calmodulin kinase (56, 58, 67, 69, 73) . Transcription of egr-1 is induced shortly after mitogenic stimulation in cells of most lineages and generally parallels the pattern observed for c-fos (76) . The coregulation c-fos and egr-1 can be explained, to some extent, by the elements common to the promoters of the genes (55) . The induction of c-jun gene transcription by AP-1 in T cells is regulated by the Jun N-terminal protein kinase JNK, in an Ras-dependent fashion (18, 75) . In activated T cells, it has been suggested that the transcription of c-fos and c-jun may be controlled by a calcium-regulated, cyclosporin A (CsA)-sensitive signaling pathway (79) .
Despite a great deal of progress in identifying and characterizing the signal transducers that positively regulate IE gene transcription (18, 50, 69, 73) , much less is known about negative regulatory mechanisms which modulate and attenuate the signals to achieve an appropriately timed transcriptional or biological response. Specifically, potential cross-talk between the p21 ras -mediated and calcium-activated pathways regulating IE gene expression in lymphocytes has not been elucidated. To study this issue, a constitutively activated p21 ras gene, v-Ha-ras, was stably transfected into a human T-lymphoblastoid cell line, Jurkat, and the response of the IE genes to stimulation with calcium ionophore was examined. Here we present biochemical evidence that activated p21 ras negatively regulates the calcium-mediated induction of the IE genes egr-1, c-fos, and c-jun and subsequently down-regulates the DNA-binding activity of transcription factor AP-1 and IL-2 production. The negative effect of p21 ras on egr-1 and fos gene induction by calcium can be abolished by pretreatment with CsA, a calcineurin inhibitor. Expression of activated p21 ras can also inhibit calcium-mediated c-jun induction, but this inhibition cannot be blocked by CsA. Together, these results suggest that p21 ras , as an important signal transducer, not only mediates mitogenic signaling but also functions as an inhibitor, in a negative and calciumdependent fashion, to regulate a precise biological response.
MATERIALS AND METHODS
Cell lines and cell transfections. The human T-lymphoid cell line Jurkat (American Tissue Culture Collection, Rockville, Md.) was cultured in Dulbecco modified Eagle medium containing 10% heat-inactivated newborn calf serum (Hazelton Research Products, Inc., Lenexa, Kans.), 2 mM L-glutamine, 100 U of penicillin per ml, and 100 ng of streptomycin per ml. Jurkat cells were stably transfected by electroporation as previously described (43) . The v-Ha-ras-expressing vector PH1, a circularly permuted clone of the Harvey sarcoma virus, was the gift of E. Scolnick, Merck Pharmaceuticals. This gene was cotransfected with a selectable marker conferring resistance to geneticin (G418; Gibco). Subsequently, transfectants were subcloned and selected for resistance to G418. The expression of the v-ras transcript and p21 ras protein levels for each subclone were quantitated by RNA blotting and immunoblotting, respectively, and one representative subclone (number 7), which expresses relatively high levels of v-ras mRNA, was used throughout the experiments presented here. The results found with this clone were representative of results obtained with the other independently derived lines, which expressed different levels of v-ras transcripts and protein (e.g., clone 19) (10). Full characterization of the Ras transcript and protein expression of these clones has been reported (11a). As controls for the transfection and selection processes, some Jurkat cells were transfected only with the neomycin resistance gene, designated neo, and used in the studies described below in parallel with the ras transfectants. After transfection, cells were carried in the same growth medium plus 0.7 mg of G418 per ml.
For studies of calcium mobilization, cells were pelleted by centrifugation, resuspended at 10 6 cells/ml in a buffered salt solution containing glucose and 1 mM 1-[2-amino-5-(6-carboxyindol-2-yl)phenoxy]-2-(2Ј-amino-5Ј-methylphenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid sodium (INDO-1), incubated at room temperature for 20 min to allow uptake of the INDO-1, and washed once in 50 volumes of balanced salt solution to remove excess dye. Calcium mobilization in response to ionophore was then determined with a stirred cuvette at 37ЊC in an Aminco-Bowman fluorimeter with real-time recording at 405 and 480 nm.
RNA blot analysis. After subjecting the cells to different stimuli, total cellular RNA was isolated by guanidine thiocyanate-phenol RNA extraction, quantified, separated by electrophoresis on formaldehyde agarose gels, and transferred to nitrocellulose (Costar, Cambridge, Mass.). Hybridizations and high-stringency washes were performed as previously described (20) . 32 P-labeled DNA probes were generated by the random oligonucleotide primer method (21) . The egr-1 probe was a 1.6-kb BglII fragment of murine egr-1 cDNA (generously provided by V. P. Sukhatme). The fos probe was a 1.1-kb EcoRI-SalI fragment of the murine c-fos cDNA. The c-jun probe was a 1.7-kb PstI fragment of the murine c-jun cDNA. In some experiments, the concentrations of the reagents used were as follows: 200 ng of CsA (gift of Sandoz Pharmaceuticals, East Hanover, N.J.) per ml, 5 ng of sirolimus per ml, 1.5 M calmodulin kinase inhibitor (Sigma St. Louis, Mo.), and 10 M forskolin (Sigma). We have previously shown that these reagents, at the concentrations and exposure times used herein, have the desired effects of inhibiting NF-AT and IL-2 induction, inhibiting S6 kinase activity, inhibiting calmodulin kinase activity, or stimulating PKA. Each inhibitor was added into the medium of cell cultures 10 min before further stimulation. For the IL-2 gene expression experiment, poly(A) ϩ mRNA was isolated with a FastTrack kit, version 2.0 (Invitrogen, San Diego, Calif.). The IL-2 probe was generated by PCR as a 200-bp DNA fragment.
Plasmids and transient transfections. The vector p600cat3 contains the chloramphenicol acetyltransferase (CAT) gene under the control of 600 bp of the murine c-fos gene promoter (generous gift of R. Muller). Cells (20 ϫ 10 6 ) were transiently transfected by electroporation (960 F; 250 V) with 20 g of reporter plasmid. The transfected cells were split into several aliquots for stimulation as indicated in the figures. Cotransfections with a Rous sarcoma virus ␤-galactosidase vector were used to verify equivalent efficiencies of transfection. Following 4 h of stimulation, cells were lysed in 25 mM Tris buffer and an assay of CAT activity was conducted with an organic extraction to separate the acetylated products; the assay was followed by quantitation by scintillation counting. In some experiments, the reaction products were separated by thin-layer chromatography rather than organic extraction.
Immunoblotting. Cells (20 ϫ 10 6 per treatment) were lysed in lysis buffer as described for the MAP kinase assay. Cell lysates (100 g) were separated on 8% acrylamide gel and subsequently immunoblotted with either anti-PKC␣ or anti-PKC␤ antibodies (Transduction Laboratories, Lexington, Ky.). The blot was developed with an anti-mouse immunoglobulin alkaline phosphatase reagent (Oncogene Science, Uniondale, N.Y.).
Phosphorylation analyses and immunoprecipitations. Cells (50 ϫ 10 6 ) were washed twice with 1ϫ phosphate-buffered saline (PBS) and resuspended in permeabilization medium containing 0.6 IU of streptolysin O per ml, 10 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid), pH 7.2], 120 mM KCl, 30 mM NaCl, 10 mM MgCl 2 , 100 nM CaCl 2 , 1 mM ATP, and 5 Ci of [␣-
32 P]ATP. The stimuli were added simultaneously. The optimum streptolysin O (Wellcome Diagnostics, London, United Kingdom) concentration was determined to be 0.6 IU/ml, at which Ͼ90% of cells became permeable to trypan blue within 1 min. After incubation at 37ЊC for 5 min, cells were lysed in a lysis buffer (30) . For analysis of the phosphorylation of the CD3␥ chain induced by calcium, the concentration of CaCl 2 required to give 500 nM free calcium at 37ЊC and pH 7.2 was predicted with the computer program Chelate (generous gift from J. Downward) with appropriate dissociation constants for Ca ϩϩ , Mg ϩϩ , and H ϩ . Subsequent cell lysis was performed in a solution containing 50 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, pH 7.4), 1% Triton X-100, 100 mM NaCl, 5 mM MgCl 2 , 1 mg of bovine serum albumin, 10 mM benzamidine, 10 g of leupeptin per ml, 10 g of aprotinin per ml, and 10 g of trypsin inhibitor per ml. The immunoprecipitation was performed with an anti-CD3␥ chain monoclonal antibody (generous gift from C. Terhorst, Boston, Mass.). Subsequently, immunoprecipitated CD3␥ chains were separated on 12.5% acrylamide gels under reducing conditions and detected by autoradiography at Ϫ70ЊC.
Measurement of ratios of GTP/GDP bound to p21
ras . Cells (50 ϫ 10 6 per treatment) were washed twice in phosphate-free RPMI medium containing 10% dialyzed fetal bovine serum and 1% L-glutamine and cultured in the same medium with 0.5 mCi of Ortho-[ 32 P] per ml for 3 h. Following exposure to 200 ng of CsA per ml for 10 min, stimulation was terminated by lysis of the cells in 50 mM HEPES (pH 7.4)-1% Triton X-114-20 mM MgCl 2 -150 mM NaCl-10 g of aprotinin and leupeptin per ml. The nuclei were removed by centrifugation, and lysates were adjusted to 500 mM NaCl, 0.05% sodium dodecyl sulfate (SDS), and 0.5% sodium deoxycholate. Immunoprecipitation was performed with the rat anti-Ras monoclonal antibody Y13-259 (Oncogene Science). The immunoprecipitates were washed with lysis buffer, and bound nucleotide was eluted with 2 mM EDTA-2 mM dithiothreitol (DTT)-0.2% SDS-0.5 mM unlabeled GDP and GTP at 68ЊC. The eluted products were separated on polyethyleneiminecellulose plates run in 1.2 M ammonium formate-0.8 M HCl. The GTP/GDP ratios were determined with an LKB (Uppsala, Sweden) laser densitometer and software.
Measurement of MAP activation. Cells (10 ϫ 10 6 treatment) were stimulated with the reagents as indicated in the figures for 10 min or left untreated. Stimulation was terminated by lysis in 20 mM Tris (pH 7.5)-2 mM EGTA [ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid]-5 mM NaF-0.5% Triton X-100-1 mM Na 3 VO 4 -1 mM DTT-1 mM phenylmethylsulfonyl fluoride-0.1 mM benzamidine. After the protein concentrations were equalized, the lysates were incubated for 20 min at 37ЊC in buffer containing 20 mM HEPES (pH 7.4), 10 mM MgCl 2 , and 100 M ATP containing 2 Ci of [␥-32 P]ATP, 2 mM EGTA, 1 mM DTT, 100 M okadaic acid, 100 M Na 3 VO 4 , and 1 g of myelin basic protein (MBP; Sigma) to assay MBP kinase activity. Reaction mixtures were then spotted onto P81 filters (Whatman, Fairfield, N.J.). Filters were washed in 50 mM phosphoric acid and dried with ethanol. Radioactively labeled MBP bound to the washed filters was measured by scintillation counting.
EMSA. Nuclear extraction and electrophoretic mobility shift assays (EMSA) were performed essentially as previously described (3). After different stimulations, cells (5 ϫ 10 6 ) were harvested, washed with cold 1ϫ PBS twice, resuspended in 400 l of buffer A (10 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.2 mM phenylmethylsulfonyl fluoride, 1 g of aprotinin per ml), and incubated on ice for 15 min. Subsequently, 35 l of buffer C (20 mM HEPES [pH 7.9], 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM phenylmethylsulfonyl fluoride) was added to the cell pellets and the mixtures were incubated for 20 min on ice. Binding reactions were carried out in 15-l volumes consisting of 100 mM HEPES (pH 7.8), 0.5 M potassium glutamate, 50 mM MgCl 2 , 10 mM DTT, 50% glycerol, 3 g of poly(dIdC), 200 g of end-labeled double-stranded oligonucleotide, and 10 g of nuclear extract for 20 min (for NF-AT and NF-B binding) or 15 min (for AP-1 and Oct-1 binding) on ice. The complexes were analyzed by electrophoresis at room temperature on 5% acrylamide gels (85) . The oligonucleotides used as probes in EMSA were as follows: human AP-1 site, 5Ј-CGCTTGATGAGTCAGCCGG-3Ј; human NF-AT site, 5Ј-GATCGGAGGAAAAACTGTTTCATACAGAAG GCGT-3Ј; and human Oct-1 site, 5Ј-TGTCGAATGCAAATCACTAGAA-3Ј.
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For a human NF-B probe, the upstream regulatory element of the c-myc gene, which contains the binding site 5Ј-GGGTTTTCCC-3Ј, was used. The oligonucleotides were end labeled with [ 32 P]ATP and polynucleotide kinase. For quantitation, autoradiograms were scanned with an LKB laser densitometer and LKB software.
IL-2 immunoassay. After stimulation, the cells were harvested at different time points and the overlying conditioned media were collected by centrifugation. An ELISA for IL-2 protein quantitation was performed with Quantikine (R & D Systems, Minneapolis, Minn.). Optical densities at 450 nm were used for quantitation.
RESULTS

Expression of activated (v-Ha-)ras blocks the induction of egr-1 and c-fos by Ca
؉؉ . To study the regulatory function of p21 ras in Ca ϩϩ -mediated signal transduction, especially in T lymphocytes, v-Ha-ras, mutated at codon 12, was stably transfected into the lymphoblastoid T-cell line Jurkat, together with a vector conferring neomycin resistance for transfection selection. Transfectants were cloned and tested for v-ras expression (the resulting cell lines are collectively designated PH1). The effects of different stimuli on the induction of IE genes, in the presence or absence of activated v-Ha-ras, were examined ( Fig. 1a and b) . Jurkat or PH1 cells were stimulated with calcium ionophore or phorbol esters (phorbol myristate acetate [PMA]) separately, and RNA blot analysis was performed to quantitate the expression of the egr-1 and c-fos genes. In Jurkat cells, egr-1 and c-fos were induced by both calcium ionophore and PMA. The relative magnitudes of the inductions of these genes were higher (by two-to threefold) with PMA than with calcium ionophore. This may reflect activation of different second-messenger pathways by these agonists and/or utilization of discrete gene promoter or enhancer regions. As expected, EGTA, a calcium chelator, abolished the expression of both genes after treatment with calcium ionophore, demonstrating a requirement for extracellular calcium. In (v-ras-expressing) PH1 cells (clone 7), egr-1 and c-fos transcripts could be induced by PMA treatment but not by calcium ionophore treatment. To exclude the possibility that the blockade to the inductions of these genes by calcium ionophore in PH1 cells was due to the presence of the cotransfected Neo vector or the transfection and selection process itself, analysis of egr-1 and c-fos expression was performed in the cells transfected with the Neo vector alone. The patterns of the expression of these genes were identical to that found in the parental Jurkat cells, indicating that the inhibition of the induction of egr-1 and c-fos by calcium ionophore in PH1 cells is Ras specific. Multiple other, independently derived lines of PH1 cells (e.g., PH1 clone 19) were examined in similar studies, and identical results were obtained (Fig. 1a and b) , demonstrating that the inhibition of the expression of egr-1 and c-fos induced by calcium ionophore is due to the presence of activated p21 ras rather than to clonal variation. The kinetics of the inductions of egr-1 and c-fos were also examined in Jurkat and PH1 cells to exclude the possibility that activated v-Ha-ras might alter the time or duration of the inductions of the genes examined. egr-1 transcript induction by calcium ionophore peaked between 1 to 2 h in Jurkat cells, whereas c-fos transcript induction peaked at 30 min. Examination at time points from 30 min to 4 h disclosed no induction of either IE transcript in the PH1 cell lines (data not shown). To further confirm the phenomenon of the blockade of calcium-dependent IE gene induction by v-Ha-ras observed in stable transfections, transient expression of a c-fos promoter-driven reporter gene was analyzed. The fos-CAT gene, regulated by 600 bp of promoter, was moderately induced by calcium ionophore in Jurkat cells but not in PH1 (clone 7) cells (Fig. 1c) , which was in agreement with the results observed in studies of the endogenous c-fos gene in the stable transfectants. The same fos promoter-CAT gene activity was induced by either PMA alone or PMA plus calcium ionophore, regardless of the presence or the absence of activated v-Ha-ras. RNA blot analysis of the expression of a calciumindependent IE gene, the c-myc gene, revealed that c-myc transcripts could be induced by PMA treatment but not calcium ionophore treatment in both Jurkat and PH1 cells (data not shown), further demonstrating that the inhibitory effect of activated p21
ras is specific for the calcium-activated pathway and not a general inhibitory phenomenon for all IE gene activation.
The magnitude and duration of Ca ϩϩ influx stimulated by calcium ionophore and the protein expression of calcineurin in PH1 cells were examined, in comparison with those features in Jurkat and Neo (control) cells, to exclude the possibility that the blockade to calcium-activated IE gene induction by v-Haras represents a secondary adaptive mechanism to p21 ras in which calcium mobilization in response to ionophore was impaired or calcineurin levels were altered. The magnitude and duration of calcium flux induced by ionophore, as measured by the indicator INDO-1, were identical to those in multiple PH1, Jurkat, and Neo cell lines (data not shown), as were cellular calcineurin levels, suggesting that transfected v-Ha-ras does not alter these aspects of Ca ϩϩ signaling. egr-1 transcript induction by calcium ionophore or by PMA in Jurkat cells was unaffected after incubating Jurkat cells in medium conditioned with PH1 cell cultures for 48 h (data not shown), excluding the possibility of an autocrine inhibitory effect on calcium-dependent IE gene in p21 ras .
The p21
ras blockade to induction of egr-1 and c-fos by calcium is PKC independent. T lymphocytes express two major PKC isoforms, ␣ and ␤ (15, 42, 63, 64) . These different isoforms of PKC can be distinguished by their differential sensitivities to calcium, the ␣ isoform of PKC being several log units more calcium dependent than ␤ isoform (2, 60). Jurkat cells have been reported to express high levels of the PKC ␣ isotype but low levels of the PKC ␤ isotype (52), in comparison with peripheral blood-derived T lymphocytes which contain high levels of PKC ␤ but relatively low levels of the ␣ isotype. To determine whether activated p21 ras might cause a change in the ratio of PKC isoforms, and perhaps a change in the sensitivity of the cells to Ca ϩϩ , thereby altering expression of the IE genes in response to calcium ionophore, the levels of PKC ␣ and ␤ isoforms were determined by immunoblotting (Fig. 2a) . Equal amounts of PKC ␤ (80-kDa) and ␣ (82-kDa) isoforms were observed in both Jurkat and PH1 (clone 7) cells. Furthermore, since the CD3␥ chain is one of the substrates for PKC in T cells (1, 9, 25, 70, 84) , the phosphorylation of the CD3␥ chain was assayed under conditions of 500 nM free calcium or 100 nM PMA (Fig. 2b) . Free calcium (500 nM) induced phosphorylation of the CD3␥ chain, which was further enhanced twofold by PMA treatment in both cell types. Overall, these results suggested that the ratio of the isoforms of PKC is unchanged in the presence of activated p21 ras . To determine if the difference in the inductions of the IE genes by calcium ionophore treatment in Jurkat and PH1 cells was due to the altered regulatory influence of intracellular calcium levels on PKC activity, the effect of down-regulation of PKC activity by prolonged treatment with high concentrations of PMA on IE gene induction was examined. Down-regulation of PKC by high doses of PMA appears to be mediated through recruitment of cytoplasmic PKC enzyme to the cellular membrane, where it is rapidly degraded by a protease (60) . To evaluate any residual activity of PKC after down-regulation, phosphorylation of the CD3␥ chain, a PKC substrate, was assayed in Jurkat and PH1 (28) cells (Fig. 2c) . After prolonged treatment (24 h) with 500 nM PMA, the CD3␥ chain was no longer phosphorylated by restimulation with 100 nM PMA in either cell type (Fig. 2c, lanes 3 and 4 ; compare these results with the results of stimulation with 100 nM PMA in control cells [ Fig. 2c, lanes 1 and 2] ), demonstrating full suppression of PKC activity. Following down-regulation of PKC activity by 24 h of exposure to 500 nM PMA, retreatment with 100 nM PMA did not efficiently induce the egr-1 gene in either cell type (Fig. 2d, lanes 3 and 6) , further demonstrating the abrogation of PKC activity by this treatment. After abolition of PKC activity by a high-dose-PMA treatment, egr-1 remained inducible in Jurkat cells by calcium ionophore treatment but not in PH1 (clone 7) cells as expected (Fig. 2d) , thus ruling out a role for PKC in the mediation of the calcium signal. (14, 22, 37, 54, 61) . Because p21 ras negatively regulated the calcium-dependent induction of the IE genes egr-1 and c-fos as demonstrated above, the expression of these genes after stimulation with either calcium ionophore or PMA was examined after pretreatment with CsA. Induction of the egr-1 and c-fos genes in PH1 cells by calcium ionophore was restored in the presence of CsA (Fig. 3a) , indicating that p21 ras may exert its negative regulatory function via calcineurin and that such regulation is calcium dependent. In parental (or control-transfected) Jurkat cells, these genes were induced normally by ionophore in the presence of CsA. PMA treatment also induced egr-1 and c-fos gene expression normally in the presence of CsA. In the control lanes for this blot, shown in Fig. 1a and b, CsA alone did not cause the induction of egr-1 or c-fos. In transient-expression assays using the 600-bp c-fos promoter-CAT reporter gene chimera, the fos-CAT gene was rendered inducible by calcium ionophore in PH1 (clone 7) cells by the presence of CsA (Fig. 3b; compare with Fig. 1c ) to levels observed in control Jurkat cells.
Oncogenic, activated Ras, through a decrease in its level of intrinsic guanosine triphosphatase activity or an elevation of its exchange rate of GDP to GTP, or by prolonging its association with GTP, thereby maintaining its active form, can stimulate cellular growth and cause transformation. The activities of MAP kinases, which are stimulated as a consequence of p21 ras activation in many cells (34) , were examined in Jurkat and PH1 (clone 7) cells (Fig. 3c) . As expected, the levels of activity of MAP kinases in untreated PH1 (clone 7) cells were consistently higher than in the untreated control Jurkat cells. PMA plus calcium ionophore or PMA alone induced elevated levels of MAP kinase activity in both cell types, indicating that constitutively activated v-Ha-ras did not significantly alter the responsiveness of this downstream effector. Treatment with CsA similarly had no effect on constitutive or induced MAP kinase activity (not shown). Furthermore, to assess whether the blockade of p21 ras activity on the calcium-activated gene induction pathway by CsA might be due to direct interference by CsA with a GTP-dependent p21 ras effector activity, the effect of CsA on the ratio of guanosine nucleotides binding to p21 ras was determined. The relative ratios of the GTP-bound form of p21 ras in untreated PH1 (clone 7) cells were increased (by an average of 1.8-fold) in comparison with untreated Jurkat cells, as expected, and CsA had no effect on p21 ras activation in either cell type (Fig. 3d) .
The induction of c-fos by calcium in a pheochromocytoma cell line has been reported to be mediated through a calmodulin kinase II-dependent pathway and the cyclic AMP (cAMP)-responsive binding protein CREB (57, 73) . To further characterize the negative regulatory function of p21 ras on calciumdependent IE gene induction, specific regulators of these and other potential second messengers were used to determine the involvement of molecules related to different signaling pathways. Sirolimus, which blocks signaling by the 70-kDa S6 protein kinases (pp70 S6K ) (13), forskolin (a stimulator of the cAMP-regulated protein kinase PKA), or a calmodulin kinase inhibitor was added to cell cultures before stimulation with PMA or calcium ionophore. None of these inhibitors had any effect on egr-1 induction by calcium ionophore or by PMA or on its inhibition by activated p21 ras (data not shown).
Activated p21
ras inhibits calcium-dependent c-jun induction, and this effect is not CsA sensitive. Some jun gene family members are reported to be regulated by calcium signals (18, 33, 38, 75) . As Jun proteins are important components of the AP-1 transcription factor complex and may also be involved in the calcium-dependent regulation of the activities of other transactivators (such as OAP-1), the effects of constitutively activated p21
ras on the induction of c-jun by calcium ionophore was assessed, in the presence or absence of CsA ( Fig. 4a and  b) . Calcium ionophore or PMA treatment induced c-jun transcript expression in Jurkat cells. The magnitude of c-jun induction by PMA was consistently slightly greater (by 1.8-to 2.3-fold) than by calcium ionophore. In the presence of p21 ras , this induction by ionophore, but not by PMA, was blocked. In contrast to the effects on egr-1 and c-fos, however, pretreatment with CsA did not restore induction of c-jun by calcium ionophore. Negative regulation of c-jun transcript expression by p21 ras thus differs from those of egr-1 and c-fos. Transcription factor AP-1 is a potential target of negative regulation by activated p21 ras . The transcriptional factor complex AP-1 consists of either Fos-Jun family heterodimers or Jun-Jun family homodimers, and the activities of both preexisting and newly synthesized AP-1 are subject to both posttranslational modulation of Jun and Fos protein activities and transcriptional regulation of the c-fos and c-jun genes (8, 16, 40, 48) . Activation of AP-1 DNA-binding activity in the cell at early time points likely involves posttranslational modification of preexisting Fos and/or Jun components, as new protein synthesis is not required. Since activated p21 ras negatively regulated the induction of c-fos and c-jun transcripts in response to calcium, it was possible that this inhibitory effect of p21 ras influenced the duration of induced AP-1 activity, which depends, at later time points after stimulation, on the continued production of new Fos and Jun proteins. To test this prediction, EMSA of AP-1 and other transcription factors involved in IL-2 activation, including NF-AT, NF-B, and Oct-1, were performed at different times after stimulation. The cells were stimulated with PMA plus calcium ionophore, which mimics stimulation through the TcR, for 4, 6, or 8 h (Fig. 5) . Oct-1 was constitutively expressed and its levels were unchanged in nuclear extracts at all time points after stimulation (Fig. 5d) , whereas the DNA-binding activities of NF-AT, NF-B and AP-1 (Fig. 5a to c) RNA blotting was performed as described above for c-fos and egr-1 expression. The same blots were stripped and reprobed for quantitation of the levels of c-fos transcripts. This blot was part of the same experiment and blot shown in Fig. 1, and control lanes showing egr-1 and c-fos levels in untreated cells are shown in Fig. 1a and b. (b) A c-fos promoter-CAT chimeric gene was transiently transfected into either Jurkat or PH1 (clone 7) cells exposed to CsA (200 ng/ml) prior to and during the stimulations. After being stimulated as indicated for 4 h, the cells were harvested for assay of CAT activity. control, untreated control; Iono, 2 M calcium ionophore; PMA, 100 nM PMA; Iono ϩ PMA, 100 nM PMA plus 2 M calcium ionophore. Standard error bars are shown. Cotransfections with a Rous sarcoma virus ␤-galactosidase vector as an internal control verified equivalent efficiencies of transfection. The inset is an autoradiogram of the same type of experiment, but one in which the reaction products were separated by chromatography rather than by organic extraction. The control experiments in which the cells were not treated with CsA are shown in Fig. 1c. (c) Constitutive and stimulated MAP kinase activity. The relative 32 P incorporation into a MAP kinase-specific substrate (MBP) was used to quantitate MAP kinase phosphotransferase activity. Error bars represent the standard deviations over three independent experiments. control, untreated cells; Iono, 2 M calcium ionophore; PMA, 100 nM PMA; Iono ϩ PMA, 100 nM PMA plus 2 M calcium ionophore. (d) p21
ras activation in Jurkat and PH1 cells after inhibition of calcineurin activity. After inhibition of calcineurin by CsA, cells were treated with either 100 nM PMA or 2 M Ca ϩϩ ionophore for 10 min and immunoprecipitated p21 ras was assayed for GTP/GDP ratios. Contl, control.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ time points to sustain the AP-1 complex activity, itself the consequence of negative regulation of c-fos and c-jun induction by activated p21 ras . The downstream events in T-cell activation which require AP-1 activity include IL-2 production. To determine whether the differences in inducible AP-1 DNA-binding activities in PH1 cells had any effect on later activation events, IL-2 gene induction and IL-2 protein production were assayed. Jurkat and PH1 (clone 7) cells were stimulated with calcium ionophore plus PMA for 8, 10, or 12 h (Fig. 6a) . The poly(A) ϩ mRNA of the cells was isolated, and IL-2 gene induction was quantitated. IL-2 gene transcripts were strongly and consistently expressed in Jurkat cells at 8 to 12 h after stimulation. In contrast, the level of IL-2 gene expression in PH1 cells started to fall at 10 h after stimulation and was almost undetectable at 12 h. To measure IL-2 protein production at later times after activation, the cells were stimulated with PMA plus calcium ionophore. At 12 h after stimulation, the media of the cells were changed, and then the media were collected at 24 h to assess IL-2 production between 12 and 24 h after stimulation or at 36 h to assess IL-2 production between 12 and 36 h after stimulation. The conditioned media were analyzed by ELISA for their concentrations of IL-2 protein (Fig. 6b) . The production of IL-2 protein increased over the time intervals examined in Jurkat cells but decreased in PH1 cells over the same period. Stimulated IL-2 production in the presence of activated p21 ras was therefore not sustained in comparison with IL-2 production in parental or control-transfected Jurkat cells. Thus, these temporal and quantitative differences in IL-2 production caused by activated p21 ras , together with the discrepant induction of the IL-2 gene, paralleled the results obtained when AP-1 DNA-binding activity was examined, as described above.
DISCUSSION
T lymphocytes are induced to secrete lymphokines, enter the cell cycle, and proliferate when an appropriate antigenic stimulus is presented to their surface membrane TcRs (24, 83) . One important sequela of TcR stimulation is the rapid activation of SOS activity, resulting in an increase in the relative amounts of GTP bound to p21
ras . This p21 ras -regulated signaling cascade is essential for T-cell activation (19, 29) , as well as for the proliferation and differentiation of other cell lineages (53, 68) . We have shown previously that the presence of constitutively activated p21 ras can augment the T-cell immunological response, in terms of IL-2 production, at early periods (up to 12 h) after stimulation (11a). This synergistic effect may be achieved through the interaction between activated p21 ras and calcineurin (5, 6, 9a, 87) . However, it has also been demonstrated that p21 ras may be involved in negative feedback attenuation mechanisms or desensitization processes, as a part of the regulation of activation, perhaps to control or limit superfluous or redundant incoming signals (59, 65, 80, 82, 89) . In contrast to such activation responses or feedback attenuations regulated by p21 ras , little is known about negative modulatory signals transmitted by p21 ras and how cross-talk of signals transduced by p21 ras modulates the magnitude of ongoing signals. In Drosophila melanogaster, activated Ras has been shown to negatively regulate yan function, modulating the magnitude of signals, and this appears to be critical for the differentiation of neuronal and nonneuronal tissues during developmental stages (62, 66) . Similar negative modulatory functions of p21 ras have not yet been thoroughly investigated in mammalian cells. Here, we showed that constitutive expression of activated p21 ras , perhaps through an interaction with calcineurin, blocks calcium-dependent IE gene induction in T lymphocytes and, longer term, by attenuation of AP-1 DNA-binding activity and IL-2 production, inhibits or limits an immunological response.
Thus, in addition to serving as a critical signal transducer during activation, p21 ras appears to be directly or indirectly involved in mediating at least two different types of negative regulation: feedback attenuation control and negative regulatory modulation. The positive actions of p21 ras , as described earlier (35, 51, 53, 87) , are intrinsic to a variety of cellular responses to external stimuli. Through the interaction with its downstream molecules, p21 ras elicits certain genetic programs which are responsible for the regulation of cell activation or growth (35, 53) and, in some cases, which may cause cell transformation. We have previously demonstrated such a positive action of p21 ras , which is manifested as a synergistic increase in the stimulated DNA-binding activity of NF-AT under certain conditions, coordinate with a transient augmentation of IL-2 mRNA expression and IL-2 production (9a). Feedback attenuation or desensitization of incoming mitogenic or growth-related signals by p21 ras has been demonstrated in different cell lines, in which the activated p21 ras interferes with the activity of upstream molecules, such as platelet-derived growth factor type-␤ receptor (65, 80, 89) , double-stranded RNA-dependent protein kinase (PKR) (59) , and SOS (82), so as to diminish or block the signal transmission. In contrast to the model of feedback attenuation control, the results presented here suggest that activated p21 ras may also activate or mediate a negative regulatory function, through which the magnitude of ongoing signals are negatively modified in parallel with an activation process, perhaps to prevent overshoot and to maintain the competence of a cell for further responsiveness. One arm of the T-cell-activation signal negatively regulated by p21 ras is the calcium-activated pathway studied here, which is independent of PKC signals. Activated Ras, perhaps through an as yet undefined mechanism, interacts with the activating signal generated by calcium to mediate the neg- ative regulation of IE genes. One signaling molecule which may be unique to the Ca ϩϩ pathway is the calcium-dependent protein phosphatase calcineurin, a molecule critical to T-cellactivation pathways. The suppression by CsA of the p21 ras inhibitory activity on induction of egr-1 and c-fos by calcium suggested the possible involvement of calcineurin. We have previously presented evidence that activated p21 ras renders T lymphocytes more resistant to the inhibitory effects of CsA on NF-AT activation (9a). We speculated that this increased resistance to CsA imparted by activated p21 ras may reflect an augmentation of calcineurin activity. That is, activated p21 ras appears to directly or indirectly promote or prolong the activity of calcineurin, which in turn may negatively regulate some signaling pathways while activating others. Thus, calcineurin may play a crucial dual function in mediating both the positive and the negative regulatory activities of p21 ras . Furthermore, the inability of CsA to reverse inhibition of calcium-mediated c-jun expression by activated Ras suggests the existence of another, distinct negative regulatory pathway in which p21 ras is involved but which is, in this case, independent of calcineurin activity. The transforming growth factor ␤1 receptor and T-cell activation-related coreceptor CTLA-4 are cell-surface molecules which are able to generate negative signals along with mitogenic or stimulatory ones. It will be interesting to determine whether negative modulation by p21 ras is involved in such regulatory pathways.
The full effects of negative regulation of the Ca ϩϩ -activated IE gene induction pathway on T-cell activation are yet to be completely defined, but one potentially important consequence follows from the effects on c-jun and c-fos gene induction. Transcription factor AP-1 is critically involved in IL-2 induction, the hallmark of T-cell activation (36, 45, 71) , and may itself also be a target for mediation of T-cell clonal anergy (39) . The AP-1 complex is composed of Jun-Jun family homodimers or Fos-Jun family heterodimers. The decline in the level of AP-1 activity we observed after 8 h poststimulation in cells expressing activated p21 ras correlated well with the inhibition of IE gene induction by p21
ras . This finding suggests a potential mechanism mediating immunoanergy in which abnormal regulation of p21 ras activity may result in an immune unresponsiveness, via attenuation of the magnitude and duration of AP-1 transcriptional activation. The DNA-binding activity of the T-cell-specific transcription factor NF-ATp, which complexes with c-Fos and c-Jun as their nuclear component to regulate IL-2 gene expression, was unaffected by activated Ras, indicating that the individual nuclear components of the final complete NF-AT transcription complex may at times be limiting. The induction of egr-1 is a ubiquitous effect of mitogenic stimulation and in some cases accompanies cell differentiation (17, 41, 47, 50, 76, 79) . The role of egr-1 in signal transduction is poorly understood, however, and it is therefore difficult to predict the impact of the negative regulation of egr-1 induction by p21
ras on T-cell signaling. Induction of IE genes by calcium alone has not been thoroughly studied in T lymphocytes, and our unpublished work indicates that calcium ionophore does not induce the same set of IE genes in fibroblasts. c-fos induction by calcium in a pheochromocytoma cell line has been reported to be mediated through a calmodulin kinase II-dependent pathway and the cAMP-responsive binding protein CREB (57, 73) . Treatment of Jurkat cells with dibutyryl cAMP (unpublished data) or forskolin (an activator of PKA) did not induce egr-1 in lymphocytes. Similarly, a protein kinase A inhibitor did not inhibit the induction of these genes by calcium in Jurkat cells (11b) . The promoter elements of these IE genes responsible for lineage-specific induction by calcium are currently under investigation. Calmodulin is the major intracellular calcium receptor. Calmodulin binds to and directly regulates the activities of a large number of enzymes, including the calmodulin kinases, the protein phosphatases, calcineurin, and protein phosphatase 2A. The best-characterized calcium-activated signals in the T-cell signal transduction cascade leading to IL-2 gene induction are mediated through calcineurin. CsA, an inhibitor of calcineurin, did not inhibit induction of the IE genes by calcium in Jurkat cells. The lack of effect of inhibitors of PKC, calmodulin kinase II, or calcineurin on the induction of the IE genes by ionophore in Jurkat cells indicates that these particular calcium-activated enzymes are not involved in this pathway. Inhibitors of protein tyrosine kinases were also ineffective in blocking IE gene induction by calcium (data not shown).
While the expression of p21 ras is clearly responsible for the blockade to calcium-induced signals reported herein, the use of cells stably expressing activated p21 ras in these studies may not allow one to distinguish the direct effects of p21 ras from the potential indirect or adaptive responses to the long-term expression of an activated ras gene. Analysis of the effects of the blockade of the calcium signal on later events in activation, including elaboration of IL-2, required the use of a uniform population of T lymphocytes stably expressing activated p21 ras . However, some adaption to chronic expression of activated Ras likely occurs at a number of levels within the cell. The basal levels of Ras activity in the v-ras-transfected cells studied here, as defined by p21 ras -bound GTP/GDP ratios, were of a magnitude similar to that observed after stimulation of the control Jurkat cells. Feedback mechanisms that control Ras function may be constitutively upregulated during chronic expression or may no longer respond in the same way as during transient Ras activation. For example, the activity of MAP kinase is induced manyfold by acute expression of activated Ras, but longer-term Ras expression results in a more modest level of chronic activation of this kinase activity (26) , to just the level of magnitude we observed in the lymphoid cells studied in this report. Under unstimulated conditions, however, there were no differences in terms of IE gene expression, in the activities of activation-related transcriptional factors or in calcium fluctuations, in the absence or presence of activated Ras, in these Jurkat cells, suggesting that the signaling pathways examined here were not generally deranged by activated p21 ras . It was similarly possible that the lack of responsiveness of the IE genes we report here in the cells expressing v-Ras was an adaptive response in the endogenous regulation of these genes, rather than an effect of Ras expression. The transienttransfection studies we employed using the fos promoter-CAT reporter vector, however, demonstrated that exogenously introduced genes were similarly suppressed. Whether the mechanistic effects on calcium signaling we observed during longterm expression of Ras also occur during transient activation of Ras during, for example, mitogenic stimulation remain to be determined.
Our results demonstrating a critical role for Ras in the modification of activation signals may initially appear paradoxical, given the established functions of p21 ras in a number of pathways that promote cell survival, proliferation, differentiation, or some combination of these processes. Yet, it has recently been reported by us and other groups that p21
ras not only regulates cell growth but also is involved in the induction of apoptosis in lymphoid cells as well as in cells of other lineages, depending upon its interaction with other molecules, such as PKC, Bcl-2, and ceramide (10, 11, 31) . Thus, p21 ras relays information from a variety of extracellular signals across the membrane to regulate many different pathways. Ras appears to be capable of dual functions in modifying such signals. In one case, the positive (activation) signals delivered by Ras may regulate the preexisting components, such as Jun and Fos proteins (74) , leading to the activation of IL-2 (Fig. 7) . How- ever, the negative modulation may prevent overproduction of, or efficiently terminate the activity of, newly synthesized components of the signal transduction pathway and keep cells capable of responding to further stimuli. The molecular mechanisms whereby p21 ras , as a central regulator of diverse biological processes, recognizes, distinguishes, integrates, and modifies signals before transducing to downstream molecules, subsequently leading to cell growth, anergy, or apoptosis, are not yet established. Further investigation of the switch points for Ras to direct signaling along such diverse pathways will further elucidate the nature of this molecule.
